Epitaxial BaRuO3 (BRO) thin films were prepared on (001) and (111) MgO substrates by laser ablation, and the relationship of lattice matching, morphology and electrical conductivity was investigated. (205)-and (001)-oriented rhombohedral BRO thin films were epitaxially grown on (001) and (111) MgO substrates, respectively. The (205) BRO thin films showed an orthogonal texture with faceted island grains, whereas the (001) BRO thin films had a hexagonal columnar structure with a flat terrace. Epitaxial BRO thin films showed metallic conduction, and the (205) BRO thin films exhibited the highest electrical conductivity, i.e., 1.0 × 10 5 S·m -1 , at room temperature. A higher lattice matching between epitaxial thin film and the substrate yielded a higher electrical conductivity.
Introduction
Ruthenium-based oxides ARuO3 (A = Ca, Sr and Ba) are potential candidates for electrode material of micro-devices because of their excellent electrical conductivity and fatigue properties.
1),2) Although CaRuO3 (CRO) and SrRuO3 (SRO) are constructed from only corner-sharing RuO6 octahedra, 3) BaRuO3 (BRO) exhibits polytypes depending on the numbers of periodically stacked corner-and face-sharing RuO6 octahedra, such as 9R (R3 -m: a = 0.575 nm, c = 2.161 nm), 4),5) 4H (P63/mmc: a = 0.574, c = 0.950 nm) 6) and 6H (P63/mmc: a = 0.574, c = 1.405 nm), 7) and exhibits characteristic electrical properties different from those of CRO and SRO due to the small Ru-Ru distance in the face-sharing RuO6 octahedra. 8) Many studies on BRO thin films grown on the single-crystal substrates such as SrTiO3 (STO), 9)-12) LaAlO3 (LAO) 13) and Si 14) , 15) have been conducted; however, study on the morphology and electrical properties of thin films epitaxially grown on a slightly mismatched substrate would help to clarify the mechanism of epitaxial growth. Moreover, since MgO (Fm3 -m: a = 0.422 nm) is an inexpensive and accessible material, it would be a favorable substrate for practical usage. In this study, BRO thin films were prepared on (001) and (111) MgO substrates, and the relationship between lattice matching, morphology and electrical conductivity was investigated.
Experimental procedure
BaCO3 (99.9% purity, Wako Pure Chemical Industries, Ltd.) and RuO2 (99.99% purity, Furuya Metal Co., Ltd.) powders were used for preparation of laser ablation targets. These powders were weighed, mixed, pressed into pellets and reacted at 1273 K for 36.0 ks to obtain BRO pellets. These pellets were crushed and sintered again at 1573 K for 43.2 ks, and thus the BRO targets were obtained.
A third harmonic wavelength (λ = 355 nm) of a Q-switch pulsed Nd:YAG was used for the ablation. The details of the experimental procedure have been reported elsewhere.
16) The deposition was carried out in O2 at a pressure (PO 2 ) of 13 Pa and a substrate temperature (Tsub) of 973 K. (001) and (111) MgO single-crystal plates (10 × 10 × 0.5 mm) were used as substrates. Thin films of approximately 100 nm in thickness were obtained by laser ablation for 3.6 ks.
The crystal phase was studied by X-ray diffraction (XRD, Rigaku RAD-2C). The in-plane orientation of film was determined by using pole figure X-ray diffraction (Rigaku RAD-C). The thickness was measured by a profilometer (Taylor-Hobson Talystep). Film growth during the deposition was monitored using in situ reflection high-energy electron diffraction (RHEED). The surface morphology was observed by fieldemission scanning electron microscopy (FESEM, JEOL JSM-6500FT). The electrical conductivity was measured by the van der Pauw method from 60 to 693 K. Figure 1 shows the XRD patterns of the BRO thin films prepared on (001) and (111) MgO substrates at PO 2 = 13 Pa and Tsub = 973 K. (205)-oriented 9R BRO thin films were grown epitaxially on (001) MgO substrates with a minor amount of (001) and (024) 9R BRO orientation phases ( Fig. 1(a) ). In this paper, the crystal planes of rhombohedral BRO are indexed as hexagonal notations. On the (111) MgO substrates, although small peaks from (104), (024) and (205) 9R BRO planes were observed, BRO thin films were significantly oriented to the (001) 9R BRO plane ( Fig. 1(b) ). shows in situ RHEED patterns of epitaxial BRO thin films prepared on (001) and (111) MgO substrates. It is generally known that a streak reflection pattern in RHEED can be obtained from a step-and-terrace texture, whereas a spot transmission pattern can be obtained from an island texture.
Results and discussion
17) The (205) BRO thin films prepared on (001) MgO substrates showed a spot pattern, implying that BRO island grains should grow on the MgO substrate ( Fig. 3(a) ), whereas the streak pattern of (001) BRO thin film implies a terraced texture (Fig. 3(b) ). The Debye-Scherrer rings observed in RHEED patterns suggest an orientation fluctuation at the near-surface region of epitaxial thin films. Figure 4 shows the surface morphology of BRO thin films prepared on (001) and (111) MgO substrates. The (205) BRO thin films showed an orthogonal texture with faceted island grains (Figs. 4(a), (b) ). These faceted grains had a tetragonal or hexagonal shape, and tetragonal facets composed the orthogonal texture. The (001) BRO thin films had a hexagonal columnar texture with flat terraces (Figs. 4(c), (d) ). This hexagonal structure may be reflected in the crystallographic feature of the (001) BRO plane. These island and terraced textures, respectively, well 
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corresponded to the spotty and streaky RHEED patterns shown in Fig. 3 . Fig. 5(a) ). This atomic arrangement indicates that the BRO thin film can be oriented to the (205) plane on the (001) MgO substrates. Epitaxial (205) BRO thin films have also been obtained on the cubic lattice of (001) STO and (001) LAO substrates. 11),13),18), 19) The crystallographic feature of (205) BRO thin films can be observed as an orthogonal texture, as shown in 
Figs. 4(a) and (b). On the other hand, the doubled atomic distance between Mg atoms of the (111) MgO plane (2aMg = 0.596 nm) was nearly equal to the distance between Ba atoms of the (001) BRO plane (aBa = 0.575 nm). The triangular lattice of (111) MgO and (001) BRO plane produced a hexagonal terraced texture of the (001) BRO thin films, as shown in Figs. 4(c) and (d) . Figure 6 depicts the temperature dependence of electrical conductivity (σ ) for BRO thin films prepared on (001) and (111) MgO substrates. Epitaxial BRO thin films showed metallic conduction, and the (205) BRO thin films prepared on (001) MgO substrates exhibited the highest electrical conductivity, i.e., 1.0 × 10 5 S·m -1 , at room temperature. The decrease of σ for (001) BRO thin films could be understood as resulting from the gaps between hexagonal columnar grains. Table 1 summarizes the literature data on the orientation, surface morphology and electrical conductivity of epitaxial BRO thin films prepared on various substrates. 9-13),18), 19) The BRO thin films prepared on the MgO substrates were similar in orientations and surface morphologies to those prepared on the STO and LAO substrates. BRO thin films prepared on (001) STO and (001) LAO substrates tended to grow with the (205) orientation, and had an orthogonal texture. On the (111) STO substrates, BRO thin films showed a hexagonal terraced texture, which grew along the c-axis of their hexagonal crystal structure. The BRO thin films prepared on STO substrates exhibited denser and smoother surfaces than those of the BRO thin films prepared on MgO substrates because of better lattice matching of BRO epitaxial planes to STO planes than to those of MgO. Figure 7 shows the effect of the in-plane lattice misfit (Δ) between the epitaxial BRO thin films and MgO substrates on the σ at room temperature (filled circles). Open circles indicate the σ of epitaxial BRO, 18) CRO 20) and SRO 17) thin films prepared on STO substrates by the present authors, and open triangles indicate such values for LAO substrates.
19) The Δ can be calculated from eq. (1):
where afilm and asub are, respectively, the distance between atoms in thin films (Ba, Ca and Sr) and that in substrates (Mg, Sr and La). The morphology and σ may be associated with the lattice matching between the thin films and substrates. A flat surface with a terrace-and-step structure was obtained at a Δ ranging from 0 to 2%, whereas the island texture grew at a Δ larger than 5%. In the case of Δ below 0%, the thin films tended to have an island structure with gaps between grains. The σ increased as the Δ came close to 0%.
Conclusions
Rhombohedral (205) and (001) BRO thin films were epitaxially grown on (001) and (111) MgO substrates, respectively, with inplain orientation relationships. The (205) BRO thin films showed an orthogonal texture with faceted island grains, whereas the (001) BRO thin films had a hexagonal columnar texture with flat terraces. Epitaxial BRO thin films showed metallic conduction, and the (205) BRO thin films prepared on (001) MgO substrates exhibited the highest electrical conductivity, i.e., 1.0 × 10 5 S·m -1 , at room temperature. The epitaxial thin film with the smooth surface may have been derived from the high lattice matching, thus exhibiting higher electrical conductivity. 
